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With recent technological advances, adding nanomaterials as a reinforcement material in concrete has gained immense attention.
This review paper aims to report advances in the form of a one-stop shop catering to methods that focus on improving the quality
of traditional concrete. Nanoparticles—the elementary form of nanomaterials—are proven to enhance the strength and longevity
of concrete. Nanosilica, nanoalumina, nanometakaolin, carbon nanotubes, and nanotitanium oxide are modern nanomaterials that
have demonstrated strong evidence of enhancing concrete quality, which supports infrastructure building and long-term moni-
toring. Nanoconcrete—an exciting prospect extending the boundaries of traditional civil engineering—exhibited increased com-
pressive and flexural strength using elementary compounds. In particular, the rigorous research survey of many articles reveals an
increase in compressive strength from 20% to 63% by replacing the cement with different nanomaterials in different percentages

and flexural strength from 16% to 47%.

1. Introduction

The most common traditional material required for infrastruc-
ture construction is the mixture of cement, fine aggregate, coarse
aggregate, and water—popularly known as concrete. Concrete is
a porous substance that has to have its durability, usability,
mechanical characteristics, and microstructural factors inves-
tigated [1]. Recent technological advances have resulted in
the enhancement of several concrete properties exhibiting
improvement over traditional concrete. Notably, the reduc-
tion of the water—cement (w/c) ratio [2] has subsequently
resulted in contributing to the increased strength of the
cement [3]. Additionally, the mix percentage has demon-
strated an optimal condition by combining compendious
nanoauxiliary concise [4-6]. Nanoconcrete employs con-
stituent nanomaterials [7-13] that significantly improve
the packing model structure in bulk characteristics. In addi-
tion to augmenting the properties of concrete, nanoparticles

act as an excellent filler material. This review paper aims to
report all the advances in nanomaterials-enhanced concrete
that exhibit compressive and flexural characteristics [14].
The construction industry has immensely benefitted from
nanomaterials throughout the review. In particular, the nano-
materials in cement and concrete products such as nano-
Ti0O,, nanoalumina, nanometakaolin, nano-SiO,, nanoclay
[15-17], and carbon nanotubes (CNTs) have improved the
overall characteristics [18]. Inherently integrated with it are
the filling features that contribute to increasing durability
[19]. In addition, nanomaterials have been demonstrated to
enhance microstructural features that are not explored in
conventional construction engineering but are a mainstream
genre of research for contemporary investigations. A thor-
ough review of prior research sheds some light on this area,
but a detailed analysis is needed. Still, an arching framework
that incorporates characteristics of concrete containing NMK,
TiO,, and nanocellulose is lacking—which greatly motivates
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this research work. This review aims to advance the use of
nanomaterials in contributing to the flexural and compressive
strength of concrete.

2. Production of Nanomaterials

Even though the concept of creating nanomaterials through
nanotechnology emerged in the late 1960s [20, 21], the
aspect of strengthening the properties of concrete is relatively
nascent—gaining momentum in recent decades. While all
materials eventually convert into nanoparticles, Bharadwaz
et al. [22] pointed out that these particles—solely attributed
to their nanosize—have a stronger foothold compared with
microbased components as far as filler materials are con-
cerned. A top-down strategy [23] is inherently optimized
that provides selection based on nanobehavioral expertise,
appropriateness, and cost [24, 25]. Defined as the process
of reducing larger structures to the nanoscale—while retain-
ing their original features or chemical composition even at
the atomic level—the top-down approach provides robust-
ness and applicability over a wide variety of domain expertise
[26]. In other words, mechanical attrition and etching pro-
cesses break down bulk materials into nanoparticles [27].
The milling process is one of the strategies under the frame-
work of top-down approaches [28, 29]. A milling machine’s
fundamental feasibility and accessibility corroborate changes
without the need for chemicals or electronic devices. Another
name for the top-down strategy is the present way of nano-
fabrication. However, the final product homogeneity and
quality are inconsistent in the top-down approach.
High-energy ball millings can synthesize nanomaterials,
nanograins, nanocomposites, and nano-quasicrystalline mate-
rials. In particular, by modifying the number of balls employed
and their types, with an increase in the machine speed and the
type of container used, the nanoparticles can alleviate the tra-
ditional shortcomings of the top-down approach [2, 30, 31].
During milling, plastic deformation, cold welding, and fracture
are the factors influencing the deformation and transforming
process of materials into the required shape. Milling not only
breaks materials into smaller parts but also blends several
particles or materials and transforms them into new phases
of material composition in the case of the reactive ball milling
technique, but this is not possible through dry and wet ball
milling techniques. Although the milling process automatically
reduces the size of materials, the mixture of various particles
converts into a new material phase in the case of the reactive
ball milling technique. The end product from a milling opera-
tion churns out materials in the new regime with lake-shaped
strata in the case of the dry ball milling technique. However,
refining can be carried out to obtain a more delicate structure
based on the type and the size of the ball used corresponding
to the milling technique. From a historical perspective,
John Benjamin (1970) first administered the method of milling
through the strengthening of alloy components for high-
temperature structures [32]; this led to the first use of milling
as an effective technique to produce oxide particles.
Contrary to the top-down approach, the bottom-up
technique is employed when materials are assembled or
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self-assembled from atoms or molecular components. This
methodology is helpful for most nanomaterials, such as nano-
silica, nanoalumina, and nanoclay, which are widely used to
improve the characteristics of concrete. This process is aptly
termed molecular manufacturing or nanotechnology due to
its indirect benefits, including synthesis and chemical formu-
lation [24]. The critical difference between the various schools
of thought is that the bottom-up method will produce a uni-
form and perfect structure of the nanoparticles compared to
the top-down approach. This is explained by the fact that
nanocrystals can automatically develop when atoms or mole-
cules are well-organized or in crystalline form. A few strate-
gies for this process include increased electronic conductivity,
optical absorption, and chemical reactivity [25, 33].
Additionally, a significant reduction in the size of the
particles—with the development of tidy surface atoms—
combined with the enormous change in the surface energy
leads to improved morphologies. Nanoparticles have become
ideal candidates for advanced applications in electronic com-
ponents and biotechnology. In the longer run, nanomaterials
derive their applications toward boosting catalytic activity,
wave sensing capabilities, novel pigments, and self-healing
and cleaning properties in paint. The flip side of the coin,
called flippin, exposes the severe drawbacks of the bottom-up
strategy, including its high operational costs, the need for
specialized knowledge in chemical applications, and its strict
applicability to laboratory applications only [22, 34, 35].

3. Compressive Strength of Nanoconcrete
Made with Nanomaterial

Numerous nanomaterials have been included in concrete
since the development of nanotechnology in the building
industry. Nanomaterials can be used to improve the durability
and performance of concrete. The discussion of nanomater-
ials, such as nanometakaolin, nanosilica, nanoalumina, nano-
titanium dioxide, CNTs, and nanocellulose, as well as their
utilization in all types of concrete, will be further developed in
this subsection in terms of their mechanical properties.

3.1. Nanometakaolin. NMK considerably enhanced the com-
pressive strengths of cementitious materials, according to
several studies [36-38]. Table 1 shows the 28-day compres-
sive strength of cementitious materials treated with NMK.
According to an extensive literature survey, adding the right
amount of NMK to cementitious materials boosted their
compressive strength [52, 53]. When the amount of NMK
in a cementitious material exceeds the optimum level, the
concrete compressive strength will reduce.

Meanwhile, too much NMK causes a weak interfacial
transition zone (ITZ) and fewer contact points, which act
as binding sites between cement particles [48, 54]. The addi-
tion of NMK to concrete increases its compressive strength.

Even though mixed proportion characteristics like w/c
ratio and NMK content and curing conditions are the
same, the optimum NMK contents are not the same based
on a literature survey.

As a result, more research should be conducted and stud-
ied [22] to better understand the various effects of NMK on
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TasLE 1: Twenty-eight-day compressive strength of concrete made with nanometakaolin.
Cementitious materials w/b ratio Reﬁ?\ﬁ(m(e;:)t of Cor?rfcr:esrsri‘e,i :Et;o;lgth Max1mulr\jn1\;f<pl(e;z;ement of References
0.27 4-15 8§— 20— —15 10 [39]
03 2-16 16 —> 54— —10 [30]
Cement paste 0.33-0.49 2-14 8.6 — 59.4 —> 46.6 [38]
0.44 3-10 16 —> 24.6 —> 22 6 [23]
0.5-0.59 2-10 10— 63— 20 [40]
03 2-10 93—226—>—13 4 [41]
0.4 5-10 28—20 [42]
0.485 3 54 [43]
Cement mortar
0.5 2.5-10 15— 34— 19 7.50 [44]
0.54 2-14 8.8 — 42— 20 10 [45]
0.6 5-15 23—8 5 [46]
_ 05 10 26.32 [47]
Ordinary concrete
0.53 3-10 42.2-63.1 10 (48]
UHPC 02 1-9 12— —165 1 [49]
0.2 1-10 8.5—>—85 1 [18]
SCHPC 0.35 1.25-3.75 12—17 [50]
Neo 1-5 12.7— 422 [51]

The minus (—) sign implies decreasing the given attribute calculated concerning the reference one.

the compressive strength of concrete or mortar. In addition,
some results are incongruent. The compressive strength of
air-cooled slag (ACS)-blended cement mortar gradually low-
ered when the NMK content increased [48]. At 28 days, the
compressive strength of mortar containing 8% NMK was
marginally lower than that of the control mortar. According
to Norhasri et al. [23], adding NMK to ultra-high-perfor-
mance concrete (UHPC) with a compressive strength of
150 MPa at 28 days did not improve the early compressive
strength. Although UHPC with 1% NMK had the maximum
compressive strength, it was somewhat lower than the control
UHPC. The early stability of UHPC was not compromised by
the addition of NMK [55-57]. Furthermore, as the amount of
NMK in UHPC increased, the material strength of compres-
sion dropped [58]. The compressive strength improved by up
to 63% when the nanometakaolin content increased to 10%,
and as the nanometakaolin content increased further, the
mechanical characteristics deteriorated [59].

Almost all ages of hydration resulted in higher compres-
sion strength values than those reported for the typical ordi-
nary Portland cement (OPC) paste. This increase in strength
is primarily due to the pozzolanic reaction of free calcium
hydroxide (CH), liberated from Portland cement hydration,
with nanometakaolin to form excessive amounts of additional
hydration products, primarily as calcium silicate hydrate (CSH)
gel and crystalline CSH hydrates; these hydrates act as micro-
fills, which reduce total porosity leading to an increase in the
entire contents of binding centers in the specimens; conse-
quently, an increase in the strength [60]. Thermal gravimetric
analysis and scanning electron microscopy (SEM) were also
used to monitor the hydration process (TG). These examina-
tions indicate that NMK behaves as a filler to improve the
microstructure and as an activator to promote the pozzolanic
reaction [38].

3.2. Nanosilica. After 28 days, the compressive strength of
concrete containing 3% NS improved by 20% compared to
baseline concrete strength [43]. At 90 and 365 days, com-
pressive strength testing revealed a similar pattern. Table 2
shows the existing compressive strength of cementitious
materials with NS at 28 days.

The colloidal 40-50 nm NS effectively increased the
compressive strength of 3% NS high-performance concrete
to 33.25% for 24 hr. This improvement in strength corre-
sponds to the 40 MPa compression strength. Also, the
flexural strength exceeded 13.5% after 7 days [40]. The
concrete with 3% NS as a replacement with cement substi-
tute exhibited more compressive strength and a longer
lifespan. The compressive strength of 3% NS was enhanced
by 31.42% compared to the reference concrete [41]. The
kind of NS is colloidal at 15nm, and the surface area,
particularly of NS particles, directly impacts the concrete
compressive strength. The NS particles with a surface area
of 51.4 m*/g are the least beneficial in improving compressive
strength. The w/b ratio influences the strength of NS concrete
as well. The ideal amount of NS replacement is linked to the
reactivity and accumulation level of the NS particles [42].
Ordinary concrete (sulfuric-acid-rain condition) with 0.3
w/b ratios substituted cement material with 2%—6%, which
increased compressive strength by 15% [44]. Ordinary con-
crete with a 0.36 w/b ratio with 1% to 2.5% replacement of
cement material shows increase in compressive strength up to
20.25% for 2% replacement and a 5% reduction in compres-
sive strength for 2.5% replacement, corroborates the optimum
replacement of NS is 2% [61]. The compressive strength of
regular concrete increases from 1.75% to 7.2% with a w/c
ratio of 0.3, 0.4, and 0.45, and NS content of 0.5%, 0.75%,
and 1% as a replacement for cement [47]. Table 3 shows the
tabulated results, which suggest that a 2% NS substitution is
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TasLE 2: Twenty-eight-day compressive strength of concrete made with nanosilica.
. w/c  Replacement Compressive strength ~ Maximum replacement
Materials ratio of NS (%) increment (%) of NS (%) References
0.3 2-6 10.5 15 44
Ordinary concrete (sulfuric-acid-rain condition) - [44]
0.36 1-2.5 9.2—2025— -5 2 [61]
0.3 0.5-1 1.75—2.5 [47]
0.35 0.5-1 1.05 —> 1.84 [47]
. 0.4 0.5-1 33—72 [47]
Ordinary concrete
0.45 0.5-1 5.59 —10.39 [47]
0.4 0.75-3 20 [43]
0.4 3 31 [41]
HPC 0.4 3 33 [40]
The minus (—) sign implies decreasing the given attribute calculated concerning the reference one.
TabLE 3: Twenty-eight-day compressive strength of concrete made with nanotitanium dioxide.
w/c Compressive strength Maximum
Materials . Replacement of NT (%) P & replacement of References
ratio increment (%)
NT (%)
Mortar 05 025—0.75—125—1.75 10.5—19.33 — 15.07 —4.27 0.75 [62]
Mortar with 10% of black rice , 05—1—15 1.48 — 4.75 — 13.22 15 [63]
husk ash
RPC 1,35 18.55 3 [64]
HPC 025 1.50 23 [65]
SCC with ground granulated
blast-furnace slag (GGBS) 0.4 1—2—3—4 2.7—26.5—364—27.8 3 [66]
RPC 1—3—5 4343 — 749 — 87 5 [67]
Concrete 0.48 2 23 2 [68]
SCGPC 2—s4—56 343 —7.7—>34 4 [69]

The minus (—) sign implies decreasing the given attribute calculated concerning the reference one.

optimal and any further increment in NS content diminishes
strength [70].

According to the study, up to 3% of NS doses can improve
mechanical characteristics, potentially due to pozzolanic activ-
ity, pore structure refinement, and filling effect. Compressive
strength increases as the NS content grows, reaching 33% for an
NS proportion of 3%.

The compressive strength was seen to increase to 2%
nanosilica substitution before significantly declining. Due
to the increased hydration by nanosilica, there is a more
significant consumption of Ca(OH), in the early stages
(1-7 days of curing). This outcome favors a 2% substitution
of nanosilica in cement by weight. The pozzolanic reaction of
nanosilica and CH produces well-compacted hydration pro-
ducts that coat the unhydrated cement and slow the rate of
hydration. Additionally, hydration products plug the pores
in the cement, reducing the amount of water that can reach
the anhydrate cement particles and reducing the strength
above 2% nanosilica replacement [71].

3.3. Nanotitanium Dioxide. Most researchers agreed that
using NT particles might improve the compressive strength
of concrete to some extent. The effect of NT on the compres-
sive strength of concrete is shown in Table 3.

TiO, nanoparticles with an average diameter of 15 nm were
used in four different amounts of 0.25%, 0.75%, 1.25%, and

1.75% by weight of cement with a w/c ratio of 0.5 [72]. The
0.75% NT increases the mortar’s compressive strength by
19.33% after 28 days. The strength decreased as the NT content
increased; hence, the optimum NT content is 0.75% [62]. In
10%, 20%, and 30% of the fractions, untreated black rice husk
ash (BRHA) was used to replace cement. When nano-TiO,
doses of 0.5%, 1.0%, and 1.5% were added to blended cement,
the compressive strength increased to 13.22% [63]. The com-
pressive strength of concrete containing 20% fly ash (FA) can
be enhanced by 18% by using 3% NT, according to Li et al. [64].
It was discovered that NT at a dose of 3wt% improved the
compressive strength of self-compacting concrete (SCC) with
GGBS and a w/c ratio of 0.4 the most. The flexural strength of
nano SiO, coated TiO, reinforced reactive powder concrete
(NSCTRRPC) reached a maximum of 9.77 MPa when the range
of NSCT was 3% and increased 83.3%/4.44 MPa compared with
reactive powder concrete (RPC) without NSCT. Even while the
strength of flexural NSCTRRPC was slightly lesser than that of
plain RPC when the NSCT content was 5%, it was still
much more than bare reactive powder concrete. It could
be related to a decrease in hydration speed caused by water
absorption. At 28 days, the ideal level of NS content was
5.0%. The use of nanoparticles as cementitious materials
increased the compressive strength of concrete, as shown
in Table 3. After 28 days of curing, the compressive strength
of concrete can enhance up to 22.71% by replacing 2%



Journal of Nanomaterials 5
TasLE 4: Twenty-eight-day compressive strength of concrete made with nanoalumina.
. wi/c Replacement of Compressive strength Maximum replacement of
Materials rat/io pNA (%) ichrement (%) ¢ NA I()%) References
Mortar 0.79 1,3,5 20— 15— 36.00 5.00 [75]
Mortar 0.35 1,2,3 16.00 — 12— 12 1 [76]
Concrete 0.44 1,2,3 13.00 —4— -1 [77]
Concrete 0.33 0.5, 0.75, 1 6—> 28 —> 46 1 (78]
Mortar with 10% of black rice husk ash  0.49 1,2,3 1—11—16 3 [79]
Concrete 0.48 3,57 16.67 — 30.13 — 23.58 5 [80]
Concrete 2,3 332—53 3 [81]
Mortar 0.5 0.5,1, 1.5 7—106—114 1.50 [82]

The minus (—) sign implies decreasing the given attribute calculated concerning the reference one.

cement with nanotitanium oxide particles (relative to plain
concrete). Titanium oxide was introduced to specimens
with wollastonite; the compressive strength increased ini-
tially, and then declined. The best combination was 4% NT
without wollastonite [69, 73].

According to the study, the optimal dose of NT is 3%,
which boosts compressive strength by up to 23%; however,
increasing the NT concentration diminishes mechanical
characteristics.

The review paper’s findings revealed the diffraction inten-
sity of several CH and C3S crystals specimens. First, with
increasing hydration age, C3S diffraction apex intensity
declined, while CH diffraction apex intensity increased in
the base specimen. But even after 28 days, C3S had not fully
hydrated. Second, utterly different change tendencies were
visible in the strength of the two CH diffraction peaks, as
evidenced by the variance in X-ray diffraction (XRD) results
between the base specimen and the additional specimen.
When nano-TiO, was used to replace cement, the intensity
of the CH (101) crystal plane grew early on, whereas the power
of the (001) crystal plane significantly dropped. When the
cement was replaced with nano-TiO,, the amount of CH crys-
tal did not increase after 1 day. Therefore, the rise in hydrated
products should not be cause of the improvement in early
strength. Third, the intensity of CH at evening ages increased
so slowly after the slag powder was applied to the cement
mortar that it reduced after 14 days, and the power of CH
was significantly lower than that of other specimens without
the slag powder. This meant that CH was used to hydrate the
slag powder, which helped to increase strength in the evening
hours [74].

3.4. Nanoalumina. Most researchers agreed that using nano
alumina (NA) particles might improve the cementitious
composites and compressive strength. Table 4 shows the
effect of NA on the compression strength of cementitious
material.

After 7 days of the curing period, the addition of NA
increased by 1%, 3%, and 5% replacement by 46%, 27%,
and 19.3%, respectively. It was discovered that the 1%
replacement level of NA provides the best early strength.
After 28 days of the curing period, the compressive strength
of the 0% replacement level was found to be 13.69 MPa; the
addition of NA resulted in increase of 20%, 15%, and 36%,

respectively, whereas 5% replacement resulted in better com-
pressive strength after 28 days [75]. The 1% nanoalumina
content to instars increased their compressive strength by
up to 16% at room temperature. Higher concentrations of
NA (>2%) reduced the power mortars to their original level.
One percent nanoalumina was added at temperatures up to
800°C; the residual compressive strength remained more ele-
vated than the actual amount [76]. When OPC is substituted
with NA, the compressive strength increases by 1%. The
28-day compressive strength increased by 13% when a 1%
NA replacement level was utilized instead of a 0% NA com-
bination. The compressive strength of concrete cubes was
boosted by introducing NA into the matrix; the compressive
strength of composites rose by 33.14% at 28 days when the
proportion of NA was 1% of the cement by weight [78].

The addition of rice husk ash boosted the 28-day compres-
sive strength of samples, with 10% replacement of rice husk
and 3% NA giving the greatest compressive strength of 16.6%.
The compression strength decreases as the rice husk content
increases [79] by replacing 1% of cement with nanoalumina
particles; concrete 28-day compressive strength was increased
by 4.03%; when the concentration of NA was increased from
1% to 3%, the compressive strength improved from 4.03% to
8.00%. As a result, cement hydration was hastened, resulting in
higher amounts of reaction products. Also, nanofiller nano-
AL Oj; particles regain the concrete particle packing density
and improve the microstructure. As a result, the volume of
larger pores in the cement paste is reduced [80]. The compres-
sive strength of all the tested mortars decreases as the amount
of Al,O; nanopowder in their composition increases. When
0.5% Al,O3 nanopowder was added, the decline was 7%, 10.6%
with 1% and 11.4% with 1.5% compared with the reference
mortar. According to several studies, adding Al,05; nanopow-
der to mortars can increase their compressive strength [82].

According to the study, the optimum concentration of
nanoalumina was 5%, at which point compressive strength
increased by 36%.

The rapid consumption of Ca(OH), produced during
Portland cement hydration, which is connected to the high
reactivity of nano-Al,O; particles, is likely what caused the
increase in the compressive strength of concrete containing
nanoalumina. As a result, the cement’s hydration was sped
up, and more reaction products were generated. Addition-
ally, nano-Al,O; particles restore the concrete’s particle
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TasLE 5: Twenty-eight-day compressive strength of concrete with carbon nanotubes.

. w/b Replacement of . . Maximum replace-
Materials ratio MWCNT (%) Compressive strength increment (%) ment of CNT (%) References
M30 grade of 04  0.015,0.03, and 0.045 2.75—>26.7 (83]
concrete
Concrete 0.25 and 0.5 7.14—15.7 [84]
Mortar 0.55 0.05, 0.1, and 0.2 15—8—10 0.05 [85]
Concrete 04 0.1,02,03,04,and 0.5 7.11 —18.2—22.56—24.5—27.35 [86]
SCC 0.45 0.1, 0.3, and 0.5 16.6 — 24 — 38.62 [87]
Ultra high strength
concrete (UHSC) 0.2 0.05, 0.1, and 0.15 4.6 — 21— -1.97 0.1 [88]
Concrete 0.0.2, 0.03, 0.05, and 0.09 83.33 — 97.22 — 80.55 — 63.88 0.03 [89]

The minus (—) sign implies decreasing the given attribute calculated concerning the reference one.

packing density and enhance its microstructure as a nano-
filler, decreasing the volume of bigger pores in the cement
paste. The outcomes align with those reported by other
researchers [80]—dosage of the samples NA1, NA2,
NA3, and control at various temperatures. The compressive
strength decreased when the dosage of nanoalumina rose to
2% and 3%, although it remained higher than the control
samples. The ITZ may have become loose due to the exces-
sive aggregation of nanoalumina particles, which may have
surrounded fine aggregates [76].

3.5. Carbon Nanotubes. According to most studies, the com-
pression strength of cementitious material could be increased
to some extent with CNT particles. Table 5 shows CNT’s
effect on cementitious material’s compressive strength.

The compressive strength of concrete increased by up to
26.7% when functionalized multiwalled carbon nanotube
(MWCNT) was used in place of 0.045% cement. MWCNT
in cement shows an improvement in the stiffness of the CSH
gel, making the composite more substantial. An explanation
for the improved mechanical properties of concrete could be
that the MWCNTs occupy the nanostructure in MWCNT
concrete, making them more crack resistant throughout the
loading period [83]. Modified MWCNTSs were disseminated
in cement mortars to improve their mechanical qualities.
When pure MWCNTSs were used, the compressive strength
of cement mortars was significantly increased—incorporating
0.50 wt%. Percent MWCNTs resulted in a 15.7% increase
in compressive strength, whereas containing 0.250 wt%.
Percent MWCNTSs resulted in a 7.14% increase in compres-
sive strength [84]. The cement mortar’s compressive strength
was improved by adding CNTs. The maximum enhancement
obtained when utilizing 0.05% CNTs is up to 15%; however,
the stability decreases as the CNT content increases [85].
According to the strength of compression data, the percentage
increase in compressive strength for 0.1% and 0.5% is 7.11%
and 27.35%, respectively, for 28 days. The dispersion of CNTs is
primarily responsible for the increase in results. The increase in
the number of highly stiffened CSH in the presence of CNTs
is the second explanation for the increase in features [86].
The compressive strength of SCC with 0.%, 0.3%, and 0.5%
MWCNT concentration increased to 38.62% [87]. The most
significant gains in the mechanical characteristics of cement-
based materials were found to be at low concentrations of

MWCNTs (0.05%). The compressive strength rose to 4.6%
fora 0.05% MWCNT in the current investigation; however, as
the content of MWCNT increases, the power drops; hence,
the optimum content is 0.05% [88].

It was determined from various sources that the maxi-
mum concentration of CNT was 0.1%. The compressive
strength of UHSC rises by up to 2.1%.

At 80°C, the CNTs were functionalized in a solution of
concentrated H,SO, and HNOj;. The removal of carboxylate
carbonaceous fragments that could adversely influence the
mechanical strength of the concrete due to their interaction
with cement hydration products was discovered to require
the functionalization of acetone washing [89].

The ability to synthesize novel hybrid nanostructured
materials in which CNTs and carbon nanofibers (CNFs) con-
nected to cement particles and enabled good dispersion of the
carbon nanomaterials in the cement was made possible by
employing cement particles as catalysts and support material.
Two chemical vapour deposition reactors were used to create
this hybrid material, which is easily included in the produc-
tion of commercial cement [90, 91]. The fluidized bed reac-
tor’s product yield was significantly enhanced. The research
using TEM, SEM, XRD, thermogravimetric analysis, and
Raman measurements revealed the process for producing
CNTs and CNFs at low temperatures and high yields to be
highly effective. After 28 days of curing in water, tests on the
physical characteristics of the cement hybrid material paste
revealed up to a twofold increase in compressive strength and
a 40-fold increase in electrical conductivity [90, 91].

The increased compressive strength may be related to the
fact that the addition of CNTs caused the microcracks to
start and spread more slowly because they were evenly dis-
tributed throughout the cement mortar. The mechanical
strengths of the mortar may be improved by adding CNTs
to improve the adhesion between the hydration products.
Additionally, it is possible that the presence of CNTs led to
the production of additional CSH and the consumption of
CH [85, 86].

3.6. Nanocellulose (NC). According to most studies, the
compression strength of cementitious material could be
increased to some extent with nanocellulose particles.
Table 6 shows NC’s effect on cementitious material’s com-
pressive strength.
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TasLE 6: Twenty-eight-day compressive strength of concrete made with nanocellulose [92-94].
Materials w/c ratio Replacement of NC (%) Compressive strength increment (%) Maximum replacement of NC (%) References
Concrete 0.3 0.05, 0.1, 0.2, and 0.3 25— 17—11—703 0.05 [92]
Concrete 0.15 0.005, 0.01, and 0.015 §—3—1 0.005 [93]
Concrete 0.35 0.2 and 0.1 10— 17 [94]
TasLe 7: Twenty-eight day flexural strength of concrete made with nanometakaolin.
Materials w/b ratio Reﬂﬁ;m(e:%[ of Fii}jrl;?rllesﬁe(n%h Mﬂlmu;n&g)l(a{;;:ment of References
03 2-14 14— 36 —> —25 10 (33, 52]
0.33-0.49 2-14 39— 58—38 [38]
Cement paste
0.5 2.5-10 6.4—s29—19 7.50 [44]
0.6 5-15 84 5 [46]
, 0.5 0.1 0.2587 [47]
Ordinary concrete
0.53 3-10 0-46.8 10 [48]
RPC 0.175 2-5 3.16-7.35 5 [71]
FRCC 0.3 2-14 16 — 67— 54 10 [55]
SCC 1-5 145—5338 [51]
SCHPC 0.35 1.25-3.75 10— 27.5 [50]

The minus (—) sign implies decreasing the given attribute calculated concerning the reference one.

The compressive strength of concrete with a cellulose
content of 0.05% and 0.10% increased by 26% and 17%,
respectively. In contrast, combinations with 0.20% and
0.30% NC had less apparent impacts, rising by 11% and
3%. The effect of NC on hydration kinetics and hydrate
characteristics may be linked to the higher compression
strength in the presence of nanocellulose [92]. The results
demonstrate that NC mortar samples improve compressive
strength after 7 days of curing; the UHP mortar sample,
which included 0.005 wt% NC, had the most excellent com-
pressive strength value of 184 MPa of binders. In this situa-
tion, the compressive strength was roughly 8% higher than
the control mortar and 4%—8% higher than the 0.01% and
0.015% NC mortars. Because of its high specific surface, NC
probably provides close spacing and strong adhesion to the
cement matrix, boosting density and impacting compressive
strength development [93]. Adding 0.2% and 1% NC raises
the strength of the material by 10% and 17%, respectively. The
hydrophilic properties of CNCs, which result in increased
hydration products, may be responsible for increasing com-
pressive strength. Furthermore, using 0.2% and 1% CNC
decreases cement volume while maintaining compressive
strength [94].

With an optimum dose of NC of 0.1%, the compressive
strength increases by up to 17%, while a higher amount of
NC lowers the mechanical characteristics.

The greater compressive strength in the presence of cel-
lulose filaments (CF) may be related to the effect of nano-
cellulose on the hydration kinetics and the properties of
hydrates. According to research [92], the hydrophilic and
hygroscopic nanocellulose may add more water to the
cementitious matrix to raise the degree of hydration and
improve mechanical performance.

4. Flexural Strength of Nanoconcrete Made with
Nanomaterial

4.1. Nanometakaolin. As shown in Table 7, NMK has the
potential to improve cementitious material flexural strength
significantly. The optimum concentration of NMK is primarily
between 8% and 10% [49, 95]. The results showed that fiber-
reinforced cementitious composite (FRCC) with 10% NMK
exhibited a 67% increase in flexural strength after 28 days
compared with control FRCC. However, flexural strength rap-
idly decreased when the NMK concentration was increased.
The effect of NMK addition on SCC as a partial replacement
by weight of cement at four percentages (0%, 1%, 3%, and 5%)
increased flexural strength by up to 33.8% [51].

According to the findings, the optimal dose of NMK is
10%, which enhances flexural strength by 46.8%; however,
increasing the concentration of NMK diminishes mechanical
characteristics.

Results illustrate the relationship between flexural strength
variation and curing age for blended cement mortars contain-
ing NMK. As the curing age and NMK addition rise, flexural
strength also increases. At 60 days of hydration, the flexural
strength increases as the NMK addition increases up to 7.5%
and then decreases after a 10% addition. The pozzolanic reac-
tion of FA and NMK with free lime released during OPC
hydration and the physical filling of the NMK platelet particles
inside the interstitial spaces of the FA-cement skeleton is what
causes the increase in flexural strength. However, the NMK
platelet particles act nanosize enhanced because of the interfa-
cial zone. At 7.5% NMK addition, the increase in flexural
strength was 2.3-fold. The reduction of flexural strength at a
later age and 10% NMK addition may be due to the agglomer-
ation of NMK particles around cement grains.
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TasLE 8: Twenty-eight-day flexural strength of cementitious materials with NS.

w/c  Replacement of Maximum
Materials . P Flexural strength increment (%) replacement of References

ratio NS (%)

NS (%)

Ordinary concrete (sulfuric- 036 1-2.5 5—16.8— —0.26 2 [61]
acid-rain condition)
UHPC 0.4 4-5 0—>34.6 — —26.9 4 [96]
UHPC with 2.5% steel fibers 04 NS ;H}ifs steel 10.4-24 (96]
HPC 0.31 0.3, 1;315’32’ 2.3, 10.7—21.1 —28.8 — 36.5—29 — 22 2 [71]

The minus (—) imply decreasing the given attribute calculated concerning the reference one.

TaBLE 9: Twenty-eight-day flexural strength of cementitious materials with NT.

Flexural/split tensile strength

Maximum replacement

Materials w/c ratio Replacement of NS (%) increment (%) of NT (%) References
Mortar 0.5 0.25—0.75—1.25—1.75 9—151—132—75 0.75 [62]
Mortar 0.58 1-5 61 3 [98]
RPC 1,3,5 47.07 3 [64]
HPC 0.25 1.50 18 [65]
SCC with GGBS 0.4 1—2—3—14 55— 14.8—27.7—16.6 3 [66]
RPC 1—3—55 5.97 —> 12.26 —> 10.32 5 [67]
SCGPC 2—4—6 6.8 — —8.18 — —2.58 2 [69]

The minus (—) sign denotes decreasing the estimated attribute concerning the reference one.

4.2. Nanosilica. Most researchers agreed that using nanosilica
particles could somewhat improve the flexural strength of
cementitious material. Table 8 summarizes NS’s outcome
on the cementitious material’s flexural strength. According
to Jalal et al. [46], high-performance SCC with 2% NS and
10% silica fume (SF) exhibited better flexural strength than
the reference mix at 28 days, with an optimum increase of
59%; however, the increased flexural strength was demon-
strated to slow down as the age of the concrete increased.
They also discovered that NS-only concrete had considerably
lower flexural strength than NS-plus-SF-admixed concrete.
Ordinary concrete with a w/c ratio of 0.36 has a cement
replacement rate of 1%—2.5%, with a maximum replacement
rate of 2%. Because increasing the NS content diminishes
strength, the study determined that a 2% replacement is the
best option [61]. The flexural strength of UHPC with a wi/c
ratio of 0.4 and nanosilica replacement with cement 4%-5%
increases to 34.6%, and at 5% replacement of NS, the flexural
strength decreases to 26.9%; thus, in this review, it is con-
cluded that the optimum content of NS is 4%, and when it
is combined with 2.5% steel fiber and 4% NS, the strength
increases to 34.6%. In the high-performance concrete with a
w/c ratio of 0.31 and NS replacement varying from 0.5% to
3%, flexural strength increased from 10.7% for 0.5% NS to
36.5% for 2% NS with a 0.5% increment. It then decreased to
22% for 3% NS with further addition of NS at about 3%,
indicating maximum content is 2% [71]. According to Li
et al. [97], adding 1% NS increased flexural strength by 41%
and 35% for UHPC under the combined curing conditions of
2 days heat and 26 days conventional curing, respectively, at

0.16 and 0.17 w/b ratios control UHPC matrix under the
collective curing conditions of 2 days heat and 26 days
conventional curing. On the other hand, adding more
than 1% NS resulted in a slight increase in flexural strength.
Table 8 depicts the effects of NS at different doses through-
out 28 days. According to the study, up to 3% of NS doses
can increase mechanical qualities, which might be related to
pore structure refinement, pozzolanic effect, and filling
effect. Flexural strength rises as the NS percentage rises,
reaching 34.6% for an NS content of 4%.

NS’s sizeable specific surface area and high pozzolanic
activity boost the strength gained at young ages when it is
added to mortars and concrete. More CSH gel and compact
structures are produced due to the above-mentioned process.
Beyond the 2% addition, the amount of nanosilica exceeds
the amount of released lime, which lessens the pozzolanic
activity. It may be established that 2% of nanosilica is the
ideal amount in high performance steam-cured concrete.

4.3. Nanotitanium Dioxide. The effects of NT on the flexural
strength of cementitious composites are shown in Table 9.
With a water-to-cement ratio of 0.5, with four different
amounts of 0.25%, 0.75%, 1.25%, and 1.75% by weight
cement, TiO, nanoparticles with an average diameter of
15 nm were used. The 0.75% NT content raised the mortar
flexural strength by 15.1% after 28 days; however, increasing
the NT content lowered the power; thus, the optimum value
is 0.75% [62]. The effects of nano-TiO, (NT) with a percent-
age replacement of cement of 1%, 2%, 3%, 4%, and 5%. The
results demonstrate that 3% NT increases tensile/flexural
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TasLE 10: Twenty-eight-day flexural strength of cementitious materials with NA.
. w/c  Replacement of NA Flexural strength increment Maximum replacement of NA
Materials . References
ratio (%) (%) (%)

Mortar with 10% of black rice 0.49 12,3 01— 11.6— 167 3 [79]
husk ash

Concrete 2,3 516 — 6.7 3 [81]
Mortar 0.5 0.5,1, 1.5 10— 12— 13 1.5 [82]

The minus (—) sign implies decreasing the given attribute calculated concerning the reference.

strength by 61% (i.e., toughness) and that increasing the NT
level reduces power; thus, the optimum content is 3% [98].
Because NT particles can improve the ITZ of cementitious
material, Li et al. [64] found that adding NT to cementitious
composites can significantly increase long-term and short-
term strength. With 3% of NT, the flexural strength increases
to 47% [64].

HPC increases flexural strength by 18% [65] with a 1.5%
NT and a water-to-binder ratio of 0.25. The effect of different
NT dosages on the flexural strength of cementitious compo-
sites was evaluated by Nazari and Riahi [66]. They discov-
ered that adding 3 wt% NT at 28 days raised flexural strength
by 27.7%. Presence of NSCT does not affect the compressive
strength of the composites during the 3-day curing phase, but
it does throughout the 28-day curing phase. The NSCTRRPC
compressive strength peaked at 111.75MPa after 28 days,
increasing 12.26%/12.2 MPa above the ordinary RPC [99].
This is because NSCT generates more negative charges on
the surface of NT, making it simpler to disperse in water via
electrostatic repulsion [67]. When titanium oxide was intro-
duced to specimens with wollastonite, the tensile strength
increased and dropped. The flexural strength of samples con-
taining titanium oxide but no wollastonite was superior to
wollastonite models. The best combination was found to be
4% NT without wollastonite [69]. Based on the previous
study, the improvement in bending strength of NT cementi-
tious composites could be related to the following factors.

On one hand, cement hydration products would deposit
on nanoparticles because of the particles” high surface activ-
ity, and as a result, the nanoparticles would become the
nucleus of agglomerates. The nucleation effect is the name
for this phenomenon. This method’s NT dispersed in the
matrix can improve the matrix compactness and microstruc-
ture [100, 101]. NT has a nanocore action that induces frac-
ture deflection and limits crack extension [67]. According to
the study, the optimum dosage of NT for RPC is 3% flexural
strength up to 87%; increasing the NT content diminishes
the mechanical characteristics.

In the opinion of the reviewers, the following elements
may be to blame for the enhanced flexural/split tensile
strength of NT-engineered cementitious composites. The
nucleation effect is where cement hydration products ini-
tially deposit on nanoparticles due to their extensive surface
activity and then multiply to generate conglomerations with
the nanoparticles functioning as the “nucleus.” According to
this strategy, the matrix’s microstructure and compactness
can be improved by the NT disseminated throughout it
[102]. On the other hand, the nanocore action of NT may

result in fracture deflection and stop cracks from expanding
to generate a toughening effect.

4.4. Nanoalumina. Most studies agreed that adding NA
particles to cementitious composites could improve their
flexural strength. Table 10 summarizes the possible changes
of NA on the flexural strength of cementitious material.

The addition of rice husk boosted the 28-day flexural
strength of samples, with 10% replacement of rice husk and
3% nanoalumina giving the greatest flexural strength of 17%.
The flexural strength decreases as the rice husk content
increases [79]. It was discovered that raising 2% and 3% of
NA increased its power up to 3%, respectively, in nonfiber
designs (equivalent to a 5% increase). When the treatment
time was increased to 28 days and the nanoalumina concen-
tration was raised by 2% and 3%, this value climbed to 5.5
(equivalent to a 5% increase) and 5.58 MPa (equal to a 7%
increase) [81]. By 7 days of age, however, nanoalumina percent
had climbed to 2% and 3%. This parameter had increased to
5.21 (corresponding to a 5% increase) and 5.33 MPa, respec-
tively (equivalent to a 7% increase). The development of poz-
zolanic reactions and the microstructure density of the mortar
matrix improves the transitional area and, as a result, improves
the adhesion of the fibers and matrix, as well as increasing the
strength of the elongation of the fiber during flexural loading
[81], can explain this trend. The flexural strength was reduced
by around 10% by adding 1% and 1.5% nanopowder, regard-
less of the nanopowder amount [82].

According to the findings, the optimum concentration of
nanoalumina was 3%, with a 16.7% increase in flexural strength.

The development of pozzolanic reactions and the micro-
structure density of the mortar matrix, which enhances the
transitional area and, in turn, improves the matrix’s adhesion
property, while also strengthening the elongation during
flexural loading, can be interpreted as the cause of the
increase in flexural strength by adding nanoalumina [81].

4.5. Carbon Nanotubes. Most researchers agreed that CNT
particles might improve the bending strength of cementi-
tious material to some extent. Table 11 shows the effect of
CNT on the bending strength of cementitious material when
CNT is added.

The bending strength of mortars was significantly improved
simultaneously when pristine MWCNTs and all contents were
used—incorporating 0.250 wt% percent MWCNT's resulted in
a 3% increase in flexural strength, while 0.50 wt% percent
MWCNTs resulted in a 10.4% increase in bending strength
[84]. The cement mortar bending strength was improved by
adding CNTs [103]. When added CNTs increase, the flexural
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TasLE 11: Twenty-eight-day flexural strength of cementitious materials with CNT.
. . Replacement of . Maximum replacement of
Materials ~ w/b ratio MWCNT (%) Flexural strength increment (%) MWCNT (%) References
Concrete 0.25 and 0.5 3— 104 [84]
Mortar 0.55 0.05, 0.1, and 0.2 1, 7, and 28 [85]
Concrete 0.4 0.1,0.2,03,04,and 0.5 10.25— 154—19.23 —20.5— —1 0.4 [86]
SCC 0.45 0.1, 0.3, and 0.5 21.2—329—38.6 [87]
UHSC 0.2 0.05, 0.1, and 0.15 7.5—3.33% — —0.66 0.05 [88]
The minus (—) sign implies decreasing the given attribute calculated concerning the reference one.
TasLE 12: Flexural strength of cementitious materials with NC at 28 days.

L . w/b Flexural strength Maximum replacement
Cementitious materials ratio Replacement of NC (%) increment (%) of NC (%) References
Concrete 0.3 0.05, 0.1, 0.2, and 0.3 16— 19—21—20 0.20 [92]
Concrete 0.15 0.005, 0.01, and 0.015 373—1853—1.9 0.005 [93]
Concrete 035 0.25, 0.5, 0.75, 1, 1.75, 0.5, 1, 20, 12.5, 10, 7.5, 6.25, (104]

and 1.5

and 5

strength improves up to 28% for the 0.2% of CNT's [85]. The
percentage increase in compressive strength for 0.1% and
0.4% was 10.25% and 20.5%, correspondingly, for 28 days.
A further increase in the content of 0.5% caused the flexural
strength to decrease, indicating that the optimum range was
0.4%. The dispersion of CNTs is primarily responsible for the
increase in results. The increase in the number of highly stiff-
ened CSH in the presence of CNTs is the second explanation
for the increase in features [86]. The compressive strength of
SCC with 0.1%, 0.3%, and 0.5% MWCNT increased by 38.6%
[87]. The flexural strength rose to 3.33% for a 0.1% MWCNT
in the current study; when the content of MWCNT grows, the
flexural strength falls; therefore, 0.1% is the ideal content [88].

According to various literary works, the ideal amount of
CNT is 0.4%, and flexural strength improves up to 20.5%.

Improvement in flexural strength and tensile strength is
due to bridging the crack surfaces in the presence of CNTs. It
is also noted that with CNTs, concrete density decreases with
the density value reducing from 310 to 290 kg/m>. The rea-
son is decreased pore wall discharge and uniform pore size.
Also, the workability of the paste was increased as a super-
plasticizer was used. The basic properties of cement and the
process of gaining strength in concrete include components
of different shapes. CSH is a cloud-like structure, CH is like
the rose of stone, and calcium sulfur aluminate hydrates are
needle structures that produce pores due to the different
shapes of frames. Homogeneous dispersion of CNTs made
concrete denser as dispersed CNTs filled voids, increasing its
crack resistivity [86].

4.6. Nanocellulose. Table 12 shows the outcome of NC on the
flexural strength of cementitious material.

The flexural capacity of the reference concrete was
4.84 MPa, while the flexural capacities of NC concentrations
of 0.05%, 0.10%, 0.20%, and 0.30% as a replacement for
cement were 5.62, 5.75, 5.84, and 5.81 MPa, respectively.

This translates to increased flexural strength of 16%, 19%,
21%, and 20%, respectively. This reveals that increasing the
content of CF increases flexural strength by up to 21% for a
0.2% NC content. Expanding the scope of NC diminishes
flexural strength; thus, the ideal range is 0.2% [92]. The
results showed that the sample with 0.005% of NC has higher
flexural strength, around 37.3%, than the control mix; how-
ever, further increases in % of NC, the flexural capacity
decreases; hence, the optimum range of NC is 0.005% [93].
Adding nanocellulose increases the mechanical qualities of
the material. Adding NC as a 0.2% replacement for cement
increases flexural strength by 20% [105]; expanding the
scope of NC further reduces flexural strength but still leaves
it higher than the reference mix; thus, the optimum range is
0.2% [104].

According to numerous studies, the ideal content of NC
is 0.2%, and flexural strength rises by up to 20%. The above
results reveal that the effect of CF on flexural capacity is two-
fold: (1) an increased first peak strength (rupture strength)
associated with the nanometric properties of CF. This alters
the properties of the cement paste matrix at the microstructure
level (as further discussed afterward); (2) an enhanced tough-
ness associated with the high aspect ratio and the tensile
strength of CF, which contribute toward maintaining the
peak load for a prolonged range of microdeflections prior
to failure, thereby increasing the cracking resistance. The
observed effect of CF on composite fracture behavior is driven
by the contribution of the filaments as a nanoreinforcement.
Possible mechanisms involved in the CF effect on composite
fracture behavior may include: (1) filament bridging capacity
driven by their high aspect ratio and fibrillated morphology,
(2) filament resistance to rupturing owing to their tensile
properties, and (3) the filament-matrix interfacial bond stem-
ming for the potential interaction between the omnipresent
—OH groups on CF surface and cement hydrates by hydrogen
bonding. In this mechanism, irrespective of the effect of CF on
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Ficure 1: Twenty-eight-day compressive strength increase (%) [48, 61, 65, 78, 83, 92].
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FIGURE 2: Twenty-eight-day flexural strength increase (%) [48, 64, 79, 86, 92, 96].

peak flexural capacity, the high probability of the fibers inter-
cepting microcracks may play a favorable role in delaying the
matrix fracture [92].

5. Conclusion

The development of early strength in concrete is enhanced
by introducing nanomaterials that will positively impact the
mechanical properties of cementitious materials. Improvement
in flexural and compressive capacity can be observed in the
initial assessment at a very nascent stage. During this review,
a key finding was attributed to the pozzolanic filling effect,
nucleation effect, and bridging development catalyzed the
strengthening mechanism of nanomaterials. High surface min-
eral particles in cement mixtures need more water or plasticizers
to make the concrete workable. The expanse of the literature
suggests that the optimal percent of nanometakaolin is 10%,
which boosts compressive capacity by 63% and flexural capacity
by 46.8%. However, a trade-off ensures as the mechanical
characteristics deteriorate with the gradual increase in NMK
concentrations. According to this study, NS doses of up to 2%
could improve compressive strength by 20.25% and flexural
strength by 34.6% for 4% NS content. The characteristics of
NS as an activator also aid in the hydration process. If the dose
of NS is higher than 2%, the compressive and flexural capaci-
ties may be reduced. On the other side, increasing the amount

of NT in material increases the compressive strength up to
23% and flexural strength to 47%, and using TiO, reduces air
pollution. Nanoalumina at 1% increased compressive and
flexural capacities by 46% and 16.7%, respectively, for a 3%
replacement. The optimal CNT concentration for SCC is
0.5%, which increases compressive strength by up to 38.6%
and flexural strength by up to 20.5% in ordinary standard
concrete and by 38% in SCC. Nanocellulose is a plant-derived
polymer that is safe for the environment and nontoxic during
implementation. It significantly improves the mechanical
qualities of concrete by substituting cement. The compressive
strength increased by 25% with a 0.05% replacement of NC,
and the flexural strength increased by 21% with a 0.2% sub-
stitution of NC with cement. These increments are explained
in Figures 1 and 2.

When NMK concrete is compared to all six nanomater-
ials (NMK, NS, NT, NA, CNT, and nanocellulose), the com-
pressive and flexural strength increases to 63% and 36%,
respectively. However, several conclusions have been offered,
but only a few are backed up by sufficient evidence, and the
rest need to be confirmed. This is kept as a future work to be
carried out by the authors. As a result, a holistic mechanistic
framework should be built to determine the relationship
between nanophenomena and mechanical characteristics
and models capable of quantitatively analyzing the effects
of nanomaterials on composite properties.
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Abbreviations

NMK: Nanometakaolin

ACS: Air-cooled slag

OPC: Ordinary Portland cement

FRCC: Fiber-reinforced cementitious composite
HPC: High-performance concrete

SCC: Self-compacting concrete

ITZ: Interfacial transition zone

CAH: Calcium aluminate hydrate

CSH: Calcium silicate hydrate

NT: Nanotitanium dioxide

UHPC:  Ultra-high-performance concrete

NA: Nano alumina

CNT: Carbon nanotube

RPC: Reactive powder concrete

MWCNT: Multiwalled carbon nanotubes

SCHPC:  Self-compacting high-performance concrete.
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